Introduction
============

The formation of strong metal--ligand bonds is considered to be the driving force behind the growth of most metal--organic frameworks (MOFs).[@cit1]--[@cit4] Indeed, the field of reticular chemistry is based on the conservation of the inorganic secondary building units (SBUs) of MOFs across different linker lengths and functionalities.[@cit5]--[@cit8] These design principles have enabled the synthesis of families of MOFs with predictable structures and targeted properties, such as selective gas sorption[@cit9]--[@cit12] and ligand-based catalytic activity.[@cit13]--[@cit15]

On the other hand, many metal--ligand combinations that can yield multiple MOF polymorphs have complex phase spaces that preclude straightforward application of reticular chemistry principles. In addition, the deliberate design of systems in which noncovalent ligand--ligand interactions compete energetically with covalent metal--ligand bond formation is relatively unexplored. Nevertheless, many desirable properties, such as electrical conductivity[@cit16]--[@cit19] and luminescence[@cit18],[@cit20]--[@cit22] can be realized in MOFs based on electroactive, strongly interacting ligands. Moreover, the specific arrangements of ligands in extended MOF structures can engender emergent properties that are not accessible in the molecular counterparts.[@cit23]--[@cit25] Thus, strategies to tune these noncovalent ligand--ligand interactions would allow for better control over the growth and physical properties of the resulting MOFs.

The tetrathiafulvalene tetrabenzoate (TTFTB) ligand tends to form extensive π--π interactions in extended structures, imbuing MOFs with a diverse suite of properties,[@cit26] including electrical[@cit16],[@cit17],[@cit27] and proton[@cit28] conductivity, and redox-dependent breathing behaviour in response to guest molecules.[@cit29],[@cit30] Recent work from our group has shown that supramolecular ligand interactions, rather than metal--ligand bonds, surprisingly drive the formation of new topologies in two TTFTB MOF structures based on Mg^2+^,[@cit31] and Tm^3+^, Yb^3+^ and Lu^3+^,[@cit32] respectively. This work provided hints that the manipulation of ligand--ligand interactions rather than SBU formation could provide a more general pathway for realizing new structures and topologies. In particular, we hypothesized that combining the TTFTB ligand with larger lanthanides[@cit27],[@cit33] would allow us to further expand the range of π--π stacking interactions due to the highly flexible coordination environment of the lanthanides. These new structures would allow us to further interrogate the relationships among growth conditions, supramolecular interactions, and electrical and optical properties.

Here, we show that varying the solvent mixture and temperature in the reaction of the TTFTB ligand with La^3+^ leads to the isolation of three frameworks with distinct topologies and π--π stacking motifs. Their electrical conductivities, ranging from 10^--9^ to 10^--6^ S cm^--1^ at room temperature, show a striking correlation with the S···S contact distances. Variable temperature conductivity and diffuse reflectance spectroscopy measurements corroborate the influence of π--π interactions on the electrical properties. These results demonstrate how controlling ligand--ligand interactions can dictate the physical properties of MOFs in a rational manner.

Results and discussion
======================

Crystal structures and π--π stacking motifs
-------------------------------------------

Combining tetrathiafulvalene tetrabenzoic acid (H~4~TTFTB) and La(NO~3~)~3~·6H~2~O in different ratios of *N*,*N*-dimethylformamide (DMF), ethanol (EtOH) and H~2~O at temperatures ranging from 50 to 65 °C led to the crystallization of three distinct MOFs ([Scheme 1](#sch1){ref-type="fig"}), whose structures were determined using single crystal X-ray diffraction (SCXRD) (Tables S1--S3[†](#fn1){ref-type="fn"}).

![Conditions for solvothermal growth of **1**, **2** and **3**.](c9sc03348c-s1){#sch1}

All three phases have broad commonalities in their structures. One-dimensional (1D) chains of La atoms coordinated by ligand carboxylates (and solvent molecules) comprise the inorganic SBUs. The TTF units of the ligands organize into 1D stacks running parallel to the La chains. Finally, the TTF stacks and La chains line 1D solvent-filled channels, which extend throughout each of the phases. Despite these structural resemblances, as well as similarities in their synthesis conditions and formulas, the TTFTB stacking motifs in each of these phases differ markedly ([Fig. 1](#fig1){ref-type="fig"}).

![Crystal structures of **1**, **2** and **3**. (a--c) Structures viewed along the channels, displaying the two types of pores in each MOF; (d--f) representations emphasizing the TTF stacking sequences and infinite La--carboxylate chain inorganic secondary building units (coordinated solvent molecules are omitted for clarity). All H atoms are omitted for clarity.](c9sc03348c-f1){#fig1}

La~4~(HTTFTB)~4~ (**1**) contains four crystallographically distinct TTFTB ligands, which stack along \[100\]. Within the asymmetric unit, adjacent ligands are rotated by approximately 90° relative to one another, leading to a staggered arrangement. This geometry maximizes the π--π overlap among the TTF cores by minimizing steric repulsion among neighbouring benzoate groups.

La(HTTFTB) (**2**) and La~4~(TTFTB)~3~ (**3**) both contain diamond-shaped channels and stacks of parallel TTFTB ligands, with distinct stacking patterns among the TTF cores. In **2**, the TTF units form nearly eclipsed dimers. Adjacent dimers are then arranged in a slipped-parallel orientation. In **3**, the ligands pack in slipped-parallel trimers, with a larger gap between trimers.

Based on the geometric arrangement of the ligands, the relative extent of π--π overlap among these phases is **1** \> **2** \> **3**. Only **1** contains S···S contact distances less than the S--S van der Waals radius sum of 3.60 Å (Tables S4--S6[†](#fn1){ref-type="fn"}). Furthermore, all four S atoms on each TTF core in **1** are within 4 Å of an S atom on a neighbouring TTF. The all-parallel arrangement of ligands in **2** does not allow for as much overlap, especially between dimers. Each TTF has four S···S contacts of less than 4 Å within the dimer, and one contact of 4.083(3) Å to the adjacent dimer. The slipped geometry within the trimers of **3** leads to longer S···S contacts and hence less efficient π--π overlap compared to the dimers of **2**. In addition, the shortest S···S distance between trimers is 7.072(7) Å, almost twice the sum of the van der Waals radii.

Bulk synthesis and structural characterization
----------------------------------------------

Tuning the temperature and solvent ratios led to optimized reaction conditions for bulk powders of each phase, as detailed in [Scheme 1](#sch1){ref-type="fig"}. Powder X-ray diffraction (PXRD) revealed that the products matched the structures determined by SCXRD and were crystalline and phase-pure (Fig. S7--S9[†](#fn1){ref-type="fn"}).

Phase 2 could be activated under dynamic vacuum at 220 [°]{.smallcaps}C (Fig. S8[†](#fn1){ref-type="fn"}), while **1** and **3** exhibited loss of crystallinity upon direct removal of solvent (Fig. S7 and S9[†](#fn1){ref-type="fn"}). The mechanically flexible nature of the TTFTB ligand, which leads to breathing behaviour in some MOFs,[@cit29],[@cit30] may lead to structural collapse upon conventional activation. Solvent exchange with supercritical CO~2~ and subsequent drying[@cit34] yielded crystalline samples of **1** and **3**. Nitrogen adsorption isotherms on activated **1**, **2** and **3** revealed permanent microporosity, with Brunauer--Emmett--Teller (BET) surface areas of 596(1), 454(3), and 362(1) m^2^ g^--1^, respectively (Fig. S11[†](#fn1){ref-type="fn"}). The relative surface areas are consistent with the pore dimensions and geometries from the single crystal structures.

In relating the reaction conditions with the structures of the products, it is evident that higher ratios of H~2~O : DMF produce phases with more π--π stacking. This observation is consistent with the stabilization afforded by ligand π--π interactions, both in solution and in the solid state. We hypothesize that increasing the H~2~O content in the solvent mixture destabilizes solution-phase π--π interactions among the ligands. Hence, these conditions favour the formation of MOFs with more π--π stacking as a route to lower the overall energy of the system.

The reaction temperature appears to have a greater influence on the crystallographic density of the entire framework than the extent of intermolecular interactions among the ligands. Using the solvent ratio in [Scheme 1](#sch1){ref-type="fig"}, we observed **1** as the product of reactions between 22 and 50 °C. In contrast, **2** and **3** were only isolated above 50 °C. Though the intermolecular π--π stacking in **1** is denser than **2** and **3**, the overall framework density is significantly lower for **1**, as indicated by the BET surface areas as well as the crystallographic densities (0.939 g cm^--3^, compared to 1.592 and 1.484 g cm^--3^ for **2** and **3**, respectively). This dependence is in line with trends seen in other metal--organic systems.[@cit35]

Topological analysis
--------------------

On account of their 1D chain SBUs, all three phases are examples of rod MOFs.[@cit36],[@cit37] Further insights into their structures can be gained by an in depth topological analysis with the program ToposPro.[@cit38] Following the guidelines recently outlined by a IUPAC task group,[@cit39] we consider the tetratopic TTFTB ligand as two linked 3-connected nodes.[@cit40],[@cit41] As for the decomposition of the rod MOFs into their underlying nets, two algorithms in ToposPro were implemented that are complementary to the approach described by Schoedel *et al.*:[@cit37] points of extension and metals (PE&M), and straight rod representation (STR).

Both approaches start with a decomposition of the network into SBUs and linkers ([Fig. 2](#fig2){ref-type="fig"}) using a clustering procedure[@cit39],[@cit42],[@cit43] that separates the ligand branches and the infinite rods. We identify the rod topology by marking the valence bonds M--Nm (M = metal, Nm = nonmetal) to "inter-cluster" edges. The PE&M algorithm proceeds with a second clustering procedure that, in our implementation, additionally contracts all functional groups (*e.g.* bridging carboxylate) coordinated to the metals to single points that represent the points of extension (PEs). As a result, we obtain a net of points of extension and metal centres (PE&M). In contrast with Schoedel *et al.*,[@cit37] we keep the connectivity between the PE and metal atoms ([Fig. 2b](#fig2){ref-type="fig"}) to avoid an arbitrary choice of edges between PEs. As always, following a simplification of the net by removing 0-, 1-, and 2-connected nodes ([Fig. 2c](#fig2){ref-type="fig"}), we obtain the PE&M underlying net of the rod MOF.

![Construction of the underlying net using the points of extension and metals (PE&M) algorithm. (a) Points of extension (PEs) connecting linkers to the La centres are identified. (b) The structure is simplified by contracting all functional groups to single PEs. (c) 0-, 1-, and 2-connected nodes are removed to obtain the PE&M underlying net of the MOF.](c9sc03348c-f2){#fig2}

The second complementary view is the construction of the underlying net in a straight rod representation (STR). First, we look for the intersection points of the rod and ligand directions by adding dummy nodes (DNs) into the centres of metal dimers bridged by carboxylates (*i.e.* M--μ(OCO)--M) ([Fig. 3a and b](#fig3){ref-type="fig"}). Then, the DNs are connected with neighbouring PEs and metal atoms, while the bonds between the PEs and the metal centres are removed ([Fig. 3c](#fig3){ref-type="fig"}). The last step is the simplification of 2-c nodes ([Fig. 3d](#fig3){ref-type="fig"}). This view is particularly useful for rod MOFs built with bridging functional groups of ligands, and results in straight rods of the simple topology of a chain of 2-c nodes (2C1).

![Construction of the underlying net using the straight rod representation (STR) algorithm. (a) Crystallographic representation of La atoms coordinated by ligand benzoates. (b) Dummy nodes (DNs) are inserted into the centre of La dimers bridged by carboxylates, which serve as points of extension (PEs). Dashed blue lines indicate bonds between metals and PEs. (c) The DNs are connected to neighbouring La atoms and PEs, and the bonds between PEs and La atoms are removed. (d) 2-Connected nodes are removed to obtain the STR underlying net of the MOF.](c9sc03348c-f3){#fig3}

The resulting underlying nets in PE&M and STR representations for compounds **1**, **2** and **3** are presented in [Fig. 4](#fig4){ref-type="fig"}. All but one are new topological types:[@cit44] only the STR representation of compound **3** gives the known 3,4-c binodal topology **tfo** (observed in 15 other MOFs[@cit45]). However, none of these known **tfo** nets are reported for rod MOFs. It should be noted that all nets are very complex with many different nodes (more than 10 in PE&M), and that the STR approach always gives a simpler description. Both representations are useful for database searches and correlation studies. Thus, for comparative analysis, we selected from the Cambridge Structural Database (CSD) all rod MOFs containing rare-earth metals with tetracarboxylate ligands of flat rectangular shape (44 entries in Spreadsheet S1), and 29 MOFs with the TTFTB ligand (Spreadsheet S2). The findings indicate that the aspect ratio, flexibility and propensity for S···S interactions of the TTFTB ligand lead to the crystallization of rod MOFs with new topologies (see the ESI[†](#fn1){ref-type="fn"} for further discussion).

![Crystal structures of **1**, **2** and **3** and underlying nets derived using points of extension and metals (PE&M) and straight rod representation (STR) algorithms.](c9sc03348c-f4){#fig4}

Electrical conductivity
-----------------------

The range of different π--π stacking motifs in these structures motivated us to investigate their electrical conductivities. Using a home-built setup that was described previously,[@cit46] we measured two-contact probe pressed pellet devices from five separate batches each of **1**, **2** and **3** at 296 K in ambient atmosphere (representative *I*--*V* curves are shown in Fig. S12[†](#fn1){ref-type="fn"}). Phase **1** exhibited the highest average conductivity value of 2.5(7) [×]{.smallcaps} 10^--6^ S cm^--1^, as well as the highest champion value of 5.4(3) [×]{.smallcaps} 10^--6^ S cm^--1^. The conductivity of **2** was slightly lower than **1**, with average and champion values of 9(4) [×]{.smallcaps} 10^--7^ and 2.7(1) [×]{.smallcaps} 10^--6^ S cm^--1^, respectively. Finally, the conductivity of **3** was nearly two orders of magnitude lower than **1** and **2**, with average and champion values of 1.0(5) [×]{.smallcaps} 10^--9^ and 3.1(2) [×]{.smallcaps} 10^--9^ S cm^--1^. This trend qualitatively agrees with the degree of π--π stacking present in their structures.

To provide more quantitative parameters for describing this structure--property relationship, we hypothesized that the overall rate of charge transfer along an infinite stack of TTF cores should be limited by the largest energy barrier for charge transfer between nearest neighbours.[@cit47] Hence, the probability of charge hopping between each pair of adjacent TTF units should be inversely proportional to the closest S···S contact distance, henceforth denoted as (S···S)~min~. Therefore, the longest (S···S)~min~ in the infinite TTF stacks of each phase should gate the overall charge transfer rate and, assuming similar charge carrier concentrations, modulate the bulk electrical conductivity.

Indeed, plotting the batch and average ambient conductivities of **1**, **2** and **3***vs.* the longest (S···S)~min~ in each phase indicates an inverse relationship between these parameters ([Fig. 5](#fig5){ref-type="fig"}). We extended this analysis to other TTFTB MOFs with 1D ligand stacking motifs, plotting the literature two-probe pressed pellet conductivities *vs.* the longest (S···S)~min~ values from the published crystal structure data (Fig. S13[†](#fn1){ref-type="fn"}).[@cit17],[@cit27],[@cit46] The correlation of longer (S···S)~min~ distances with lower conductivities across these MOFs with different structures and compositions suggests a general rule for this class of materials, regardless of the specific geometric orientation of the TTF cores. We acknowledge that a detailed analysis of the transport mechanisms in these MOFs would require single crystal conductivity measurements, as grain boundaries in these pressed pellet measurements contribute additional resistance.

![Pressed pellet conductivities (batch and average values) of 1, 2 and 3 plotted against the longest intermolecular (S···S)~min~ contact distance from each crystal structure. Inset: representations of TTF stacking motifs, with longest (S···S)~min~ contact distances indicated by the dashed lines.](c9sc03348c-f5){#fig5}

We also carried out variable temperature conductivity measurements in order to investigate the mechanisms for charge transport in these materials. Using a screw cell set-up described previously,[@cit48] two-contact probe pressed pellet devices were measured under vacuum between 250 and 350 K for **1** and **2**, and between 295 and 350 K for **3** (Fig. S14;[†](#fn1){ref-type="fn"} due to the low conductance of **3**, we were not able to obtain linear *I*--*V* curves at lower temperatures). All three phases exhibit semiconducting behaviour in these temperature ranges ([Fig. 6](#fig6){ref-type="fig"}). Fitting the conductivity *vs.* temperature data to the Arrhenius equation for thermally activated transport, *σ* = *σ*~0~e^--*E*~a~/*k*~B~*T*^, yields activation energies (*E*~a~) of 0.28, 0.20 and 0.44 eV for **1**, **2** and **3** respectively. The significantly larger activation energy of **3** compared to **1** and **2** is consistent with the higher energy barrier for charge hopping in this phase.

![Variable temperature conductivities of **1**, **2** and **3**. Solid lines correspond to linear fits to the Arrhenius equation for thermally activated transport.](c9sc03348c-f6){#fig6}

The transport behaviours of these phases exhibited different responses to evacuation. Under vacuum, the conductivities of **1** and **3** decreased about 1 and 2 orders of magnitude, respectively, compared to their ambient conductivities, whereas the conductivity of **2** increased slightly under vacuum. As a result, the vacuum conductivity of **1** was lower compared to **2**, in contrast with their relative conductivities under ambient conditions. The activation energy of **1** is also slightly larger than **2**. These observations, along with the changes observed in the PXRD patterns of **1** and **3** upon desolvation (Fig. S7 and S9[†](#fn1){ref-type="fn"}), suggest that structural responses to atmospheric conditions (*e.g.* breathing behavior[@cit29],[@cit30]) may cause concomitant changes in the physical properties of these materials. Such responses could be harnessed for stimuli-responsive materials for applications such as chemiresistive sensing.[@cit49]--[@cit52]

Diffuse reflectance spectroscopy
--------------------------------

To interrogate the ligand oxidation states and intermolecular charge transfer events in these MOFs, we investigated their optical properties using diffuse reflectance UV-vis-NIR spectroscopy and diffuse reflectance infrared fourier spectroscopy (DRIFTS) ([Fig. 7a](#fig7){ref-type="fig"}). Absorption bands at 13 500 to 14 000 cm^--1^ and approximately 21 000 cm^--1^ in the spectra of all three phases are characteristic of the ligand radical cation, TTFTB˙^+^.[@cit27],[@cit53] We assign the NIR band centred at approximately 4000 cm^--1^ observed in each spectra as the intervalence charge transfer (IVCT) band of the mixed-valence radical cation dimer, (TTFTB~2~)˙^+^.[@cit53],[@cit54]

![Diffuse reflectance UV-vis-NIR spectroscopy and DRIFTS of **1**, **2** and **3**. (a) Normalized Kubelka--Munk-transformed spectra. (b) Normalized Tauc plot of the Kubelka--Munk-transformed data. Dashed lines indicate linear fits to the absorption onsets.](c9sc03348c-f7){#fig7}

These features indicate that both neutral and radical cation ligands are present in these frameworks. Comparison of their central C--C and C--S bond lengths with literature values for TTF compounds[@cit55]--[@cit57] suggests neutral to partially oxidized TTF cores (Tables S7--S9[†](#fn1){ref-type="fn"}), similar to other TTFTB-based MOFs for which ligand mixed valency has been invoked.[@cit17],[@cit27],[@cit31],[@cit53] Electronic paramagnetic resonance (EPR) spectroscopy also confirms the presence of TTFTB˙^+^ in each phase (Fig. S15[†](#fn1){ref-type="fn"}). Thus, the optical transitions, along with the crystallographic and EPR data, corroborate intermolecular charge transfer along the 1D ligand stacks as the mechanism for electrical conduction in these materials.

Fitting the linear absorption onsets in Tauc plots of the Kubelka--Munk-transformed data of **1**, **2** and **3** revealed optical band gaps (*E*~g~) of 1.79, 1.94 and 2.02 eV, respectively ([Fig. 7b](#fig7){ref-type="fig"}). The trend in these optical band gaps is consistent with the conductivities: larger optical band gaps are observed in phases with lower electrical conductivities. The optical band gaps are all larger than twice than the activation energies determined by VT conductivity measurements (for an intrinsic semiconductor, one would expect *E*~g~ = 2*E*~a~). These differences are consistent with extrinsic doping of these MOFs by TTFTB˙^+^. In addition, the features at slightly lower energies relative to the absorption edges, between about 1.5 to 2 eV, correspond to electronic transitions of TTFTB˙^+^. Hence, the energy levels associated with the oxidized ligand species can be conceptualized as mid-gap states.[@cit48],[@cit58]--[@cit60]

Conclusions
===========

In summary, three polymorphic MOFs containing La^3+^ with the TTFTB ligand crystallize with unique topologies and exhibit different intermolecular π--π stacking interactions of the TTF cores. Their electrical conductivities vary predictably with the degree of π--π stacking in their structures. In addition, solvothermal reactions with higher H~2~O : DMF ratios reliably produce phases with more π--π stacking. These rational correlations among reaction conditions, crystallographic motifs and bulk physical properties in these MOFs demonstrate how intermolecular interactions can be tuned to define their transport properties.

Specifically, the longest (S···S)~min~ distance in the 1D TTF stack of each phase appears to limit the rate of charge hopping and hence determine the overall electrical conductivity of each phase. This relationship is supported by analysis of other TTFTB MOF structures and conductivities. We propose, therefore, that charge mobilities have a relatively dominant effect on the electrical properties of these materials. The activation energies, optical band gaps and EPR signatures of these phases are similar to those of other TTFTB MOFs and indicate the presence of TTFTB˙^+^ species, implying that they are hole-doped in their as-synthesized forms. More detailed studies on the carrier concentrations, doping levels and resultant transport properties of these and related MOFs can elucidate the influence of different parameters on their conductivities, and open up avenues for further modification.

The traditional reticular chemistry of MOFs has relied on the formation of conserved inorganic SBUs (with strong metal--ligand bonds) to obtain structures with predictable topologies and properties. In this work, we have shown that the π--π stacking among strongly interacting ligands, which can be energetically competitive with metal--ligand bond formation, can be modulated to obtain structures with new topologies and predictable properties. In general, developing strategies to control ligand--ligand interactions in MOFs will enable the design and crystal engineering of new phases with targeted electronic, optical and other physical properties of interest, expanding the scope of possibilities for these materials.
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